Abstract: Germanium was successfully hyperdoped with sulfur by means of nanosecond pulse laser and SF 6 gas. A photodiode was fabricated based on sulfur-hyperdoped germanium. Rectifying current-voltage characteristics were observed for the device. The sulfur-hyperdoped germanium photodiode showed an internal quantum efficiency close to 150% from visible to near infrared and increased to 275% for the ultraviolet region. The −3 dB bandwidth was measured to be 20 MHz. Sulfur was demonstrated to be an effective deep level dopant for realizing high-performance germanium photodiodes.
Introduction
Deep level impurities could be introduced into semiconductors to produce an intermediate band (IB), which could be useful for high-performance optoelectronic or photovoltaic devices. IB formed by deep level dopants of chalcogen [1] , [2] , Ti [3] , and Au [4] in silicon (Si) have been extensively investigated. Chalcogen-hyperdoped Si shows strong optical absorption for both wavelength above [5] and below Si bandgap [6] . Moreover, rectifying junctions have been formed by the chalcogendoped Si [7] , [8] . The chalcogen atoms generate n-type deep level donors which provide electrons to the conduction band of Si [1] . Photodiodes based on chalcogen-doped Si have been realized [7] - [9] . In order to form a rectifying junction using chalcogen as donors, chalcogen atoms should be incorporated into Si to a supersaturated concentration. Typically, the required concentration is several orders of magnitude higher than the solid solubility limit [10] . Such supersaturated concentration cannot be achieved by conventional thermal doping methods. In order to achieve such high concentration, the melt solidification speed should be much higher than the diffusive speed of the solute to cause significant solute trapping [11] . Thus, ultrafast thermal process is necessary to achieve this deviation from equilibrium condition. The supersaturated concentration of chalcogen in Si has been achieved either by femtosecond pulse laser irradiation of Si in SF 6 environment [12] or by ion implantation followed by pulse laser melting [13] .
Germanium (Ge) belongs to the same group as Si in the periodic table and recently has been receiving renewed interest both for microelectronic and photonic applications. A significant amount of work has been done to realize high speed Ge MOSFETs [14] and photodetectors [15] , [16] . Compared to devices based on III-V semiconductors, devices based-on Ge have lower cost due to the material and fabrication [17] - [20] . As reported in the literature, photodiodes fabricated on chalcogen-doped Si had external quantum efficiency (EQE) much higher than unity [21] . Whether chalcogen atoms can be incorporated into Ge to improve the device performance remains a question. Although there are literature reports about individual chalcogen impurity levels in Ge [22] , as far as we know, no literature exists for chalcogen doping of Ge to supersaturated concentration. There are no existing data for the solid solubility limit of S in Ge either. Photodiodes based on chalcogen-hyperdoped Ge material have never been reported either. In this work, sulfur (S) was successfully incorporated into Ge to very high concentration levels by pulse laser doping in SF 6 environment. Photodiodes based on S-doped Ge were realized and performance data are presented for the first time.
Experimental

S Hyperdoping
A p-type (100) Ge wafer (500 μm thickness, 10-15 ·cm resistivity) was used. Chemical cleaning of the wafer was done subsequently in NH 4 OH : H 2 O 2 , HCl : H 2 O 2 and diluted HF. The cleaned sample was placed in a chamber, which was filled with SF 6 gas to a pressure of 500 mbar. A 1064 nm wavelength pulsed fiber laser with 50 ns pulse width (IPG Photonics, YLP-RA series) was used to irradiate the Ge surface at a repetition rate of 30 kHz. The laser beam was focused down to a 100 μm spot size and a fluence of 2.6 J/cm 2 was used to irradiate the sample. The laser beam was scanned across the sample by means of a galvometer and every spot on the sample received about 300 laser pulses. After the doping, the sample was rinsed in diluted HF to remove any oxide.
A 50 nm SiO 2 capping layer was immediately coated on the doped sample by plasma-enhanced chemical vapor deposition (PECVD). The sample was annealed for 2 minutes in a vacuum using rapid thermal annealilng (RTA) system to activate the S dopants. The annealing temperature was varied from 300
• C to 500
• C. The cylindrical mesa structures was patterned by photolithography and formed by inductively coupled plasma (ICP) etch. The etch conditions were a O 2 flow rate of 5 sccm, a SF 6 flow rate of 20 sccm, a Reactive Ion Etching (RIE) power of 120 W, an ICP power of 200 W, and a pressure of 10 mTorr. After the dry etching, the initial SiO 2 capping layer was removed in diluted HF and a fresh anti-reflection coating (ARC) of 100 nm SiO 2 was deposited by PECVD. The SiO 2 on contact area was patterned by photolithography and removed by diluted HF. A stack of Ti/Au (25 nm/ 120 nm) contacts were deposited by electron beam evaporation. Finally the metal contacts were thickened to about 4 μm by Au electroplating. The schematic of the final device is shown in the inset of Fig. 2(b) .
Results and Discussion
S Hyperdoping Profile Study
After the laser doping, the surface morphology was slightly modified due to the fast melting and solidification as shown in Fig. 1(a) . The S concentration profile in the Ge was investigated by secondary ion mass spectrometry (SIMS) done by the Evans Analytical Group (EAG). The S profile before and after rapid thermal annealing (RTA) are both shown in the Fig. 1(b) . Both profiles have high peak concentration of around 10 19 cm −3 at the surface. The profiles decrease sharply to around 10 17 cm −3 at 5 nm. Then a gradual exponential decrease follows the initial sharp one. The high concentration profile is confined in a very shallow region near the surface. The starting wafer has a doping concentration of around 2 × 10 14 cm −3 , the junction depth is less than 100 nm as indicated by the exponential tail of the SIMS profile. The optical absorption depth of Ge at 1064 nm wavelength is around 1 μm and Ge is melted under the laser beam at the used fluence. Considering the fast diffusion of dopants in liquid phase Ge, the junction should be much deeper than 100 nm. Since the diffusion data for S in Ge are not available in the literature, a simple calculation shows that the junction should be around 300 nm deep with a Gaussian profile, assuming the diffusivity of S in liquid phase Ge is close to that of phosphorus. The sharp peak at the surface is caused by dopant segregation, which could happen during laser doping [23] - [26] . Incorporated dopant atoms tend to sit in the molten material rather than in the solid material. Consequently, the liquid-solid interface swept the S atoms from deeper region to the upper surface region during the solidification process, which explains the reason for high concentration of S atoms near the surface region. Further theoretical calculation based on the dopant kinetics in molten Ge during laser doping should be carried out for detailed study of the doping profile. The S concentration after thermal annealing is a little lower than the concentration before thermal annealing possibly because of the in-diffusion of S atoms during the annealing process. Temperature-dependent dark current of a device of 180 μm mesa diameter in the forward bias region.
Effects of Thermal Activation
After the laser hyperdoping, the S atoms incorporated into Ge need to be activated by a high temperature thermal annealing process. The dark I-V characteristics of the devices that underwent no activation and 2 minute activation at 300
• C, 400
• C, and 500
• C are shown in Fig. 1(c) . The device with no activation showed resistor-like behavior. However, after 2 min activation at 300
• C and 400
• C, the devices exhibited much lower dark current for both forward and reverse bias voltage. This behavior is due to the opposite serial connection of two diodes and will be explained in the next section. The rectifying behavior of the device that underwent 2 minute activation at 500
• C was greatly reduced. The activation behavior might be related to the bonding arrangements of the S dopant atoms inside Ge. The configuration and behavior of S atoms inside Ge are not clear at this point. Further investigation needs to be carried out to fully understand the thermal activation behavior.
Photodiode Based on S-hyperdoped Ge
The dark I-V characteristics of the hyperdoped devices using different laser fluence are shown in Fig. 2(a) . The I-V characteristics do not show a simple diode-like behavior. The speculated circuit model is two opposite series connected diodes, as shown in the inset of Fig. 2(b) . Since S atoms are believed to act as deep level donors [27] , they can provide electrons into the conduction band of Ge. Thus the S-incorporated region is expected to be n-type. As a result, a diode is formed between S-incorporated region and the p-type substrate which is represented by diode 1 in the inset of Fig. 2(b) . On the other hand, it is known that the Fermi level is pinned at the surface of n-type Ge [28] . Therefore, there exists an energy barrier of around 0.57 eV for electrons at the interface between Ti metal contact and S-incorporated Ge region [28] . Hence, a Schottky diode is formed by the Ti contact and S-incorporated region which is represented by diode 2 in the inset of Fig. 2(b) . It is the opposite series connection of these two diodes which results in the I-V characteristics of the device. In the reverse-bias region (see region 1 in Fig. 2(b) ), since diode 2 is forward-biased while diode 1 is reverse-biased, the current is limited by diode 1. Thus, the current in region 1 represents the reverse-bias current of the diode 1, which is the normal reverse bias current of a semiconductor p-n junction diode including diffusion and generation-recombination components. In the forward bias region, diode 1 is forward biased while diode 2 is reverse biased. Thus, the current is limited by diode 2. The current in bias region 2 and 3 represents the reverse bias current of the Schottky diode 2. The current in region 2 is the normal diffusion component of Schottky diode current. In region 3, the current increases exponentially. The speculated mechanism is trap-assisted tunneling. Since S is a deep level dopant, it will create deep level traps inside Ge bandgap. Also, the concentration of incorporated S is high as shown in the SIMS results. Thus, trap-assisted tunneling current starts to dominate at a low bias voltage. The exact bias voltage where the dark current starts to increase exponentially depends on the amount of S atoms incorporated into the Ge and thus on the laser hyperdoping fluence as shown in Fig. 2(a) . Another evidence of the trap-assisted tunneling is the temperature-dependence of dark current. The current in region 3 was found to be very weakly dependent on temperature as shown in the inset of Fig. 2(c) , which is consistent with the trapassisted tunneling current [29] . Thus, in the forward biased region, the current is dominated by deep S traps.
The photoresponse of the photodiode was measured by a monochromator connected to a broad-wavelength white light source. The response of the devices was calculated by normalizing the photocurrent to the calibrated Si and InGaAs photodetectors. The EQE at various reverse bias voltages is shown in Fig. 3(a) , as is the EQE of a S-doped Ge photodiode fabricated on a p-type (100) low resistivity wafer (0.23-0.24 ·cm) using similar laser fluence. The data on EQE of a commercial Ge photodiode are included in the figure as a comparison. The overall EQE of the device fabricated on high resistivity Ge wafer (10-15 ·cm) is higher over a broad wavelength from ultraviolet (UV) to near infrared region (NIR). And the measured EQE is higher than for the commercial Ge photodiode. There are three major characteristics of the EQE. First, in the region 260-300 nm and 700-1500 nm, the EQE is greater or close to 100%. Taking into account the optical reflection shown in Fig. 3(b) , the IQE is higher than 100% as shown in Fig. 3(c) . Second, EQE is very low at 0 V bias and increases with increase in reverse bias voltage. Finally, EQE saturates at around 0.5 V reverse bias. Finally, the EQE of the device fabricated on a high resistivity wafer is much higher than for the device fabricated on a low resistivity wafer. Also, the high EQE extends to much shorter wavelength spectrum for the device on a high resistivity wafer than on a low resistivity substrate. The mechanism of the photo-gain is not clear. The photo-gain is not compatible with either avalanche or photoconductive gain according to the device bias condition and voltage-dependent photo-gain [21] . Further investigation needs to be carried out for better understanding of this mechanism. The IQE of the device was found to be above 100% all the way from NIR into the visible region and increased to 275% in the UV region. The high IQE in the UV region is probably due to the high S concentration in the shallow junction where most of the UV photons are absorbed. The IQE reduces from UV into the visible region where photons are absorbed away from the junction. This might be related to the high recombination of the photo-generated carriers away from the junction. The IQE increases slightly in the NIR region, which might be related to the fact that the NIR photons are absorbed out of the laser-affected region limited within about 1 μm depth. The measured UV response was higher than conventional UV photodetectors, as listed in Table 1 . The S-hyperdoped Ge photodiodes in this work had much higher photoreponse (around 670 mA/W) than the UV photodetectors based on various other semiconductor materials. The UV response can be further improved with the optimized anti-reflection coating and better surface passivation methods. One the other hand, the EQE in the visible and NIR region is also higher than the photodetectors based on Si, Ge and III-V materials [15] , [16] , [30] , [36] . Although avalanche photodiodes can have higher gain than the S-hyperdoped Ge photodiode, a much higher bias voltage is usually needed to initiate the impact ionization process. As far as we know, the photodiodes with such high EQE over a broad wavelength from 300 nm to 1600 nm at such low bias voltage have not been achieved based on other techniques. Such high responsivity over broad wavelength makes it suitable for many applications such as high sensitivity detection and imaging systems.
Finally, the device bandwidth was measured by the temporal response to a picosecond laser pulse of 1330 nm wavelength. The result is shown in Fig. 4(a) . The full width half maximum (FWHM) is 20 ns at 0.2 V and 8 ns at 0.5 V reverse bias. This is expected because carriers are moving faster at higher bias voltage. The −3 dB bandwidth of the device at 0.5 V reverse bias was calculated to be 20 MHz by Fourier transform of the temporal response, and the results are shown in Fig. 4(b) . The bandwidth is much lower than the conventional Ge photodiodes [15] , [16] . The reason for the low bandwidth is related to the photo-gain mechanism, which needs to be studied further.
DLTS Results for S Trap Levels
The S trap levels in Ge were investigated by deep level transient spectroscopy (DLTS) and the result is shown in Table 2 . There are three trap levels as shown in the table. According to the value reported in the literature [22] , the trap level at 0.203 eV is speculated to be associated with S-related complex. The capture cross section of this trap is small which indicates the weak trapping capability of these traps. The small capture cross section along with lower concentration are probably the reason why the photo-gain of the photodiode based-on S-hyperdoped Ge is much lower than its Si-based counterpart. The origins of other two trap levels are not clear. Further investigation needs to be carried out to understand their origin.
Comparison between S-hyperdoped Si and Ge photodiodes
A comparison between the S-hyperdoped Ge photodiodes and their Si counterparts is listed in Table 3 . The incorporation of S atoms into Si can be achieved by either ion implantation followed by pulse laser melting or femtosecond pulse laser irradiation in SF 6 environment followed by thermal annealing. It can be expected that S can also be driven into Ge by these two methods. In this work, S is incorporated into Ge by nanosecond pulse laser. The peak concentration of S in Ge is approximately one order of magnitude lower than in Si. This is probably related to the properties of these two materials since usually, the concentration of conventional dopant phosphorus atoms is also much lower in Ge than in Si [37] , [38] . The high S concentration region in Ge is much more shallow than Si hyperdoped by ion implantation method. Since the surface of Si after femtosecond pulse laser irradiation is usually heavily microtextured, junction depth is hard to measure. However, the junction depth could also be several hundred of nanometers according to the results from literature [39] , [40] . The possible reasons are the material desorption and dopant out-diffusion for Ge, as discussed in the previous section. These effects are almost absent in Si. As a result, the junction formed in this work is much more shallow than the Si counterparts. All of the photodiodes have photo-gain, but the gain of the Si-based devices is much higher than the Ge-based devices. The possible reason is the low concentration of S in Ge than in Si. It is also likely related to the shallow high S concentration region. As can be expected, the high photo-gain can be extended to longer wavelength region if the high S concentration region can reach deeper. This can possibly be achieved by ion-implantation of S into Ge followed by pulse laser melting. Our results show that the Ge-based photodiodes are faster than Si-based ones. This is partly due to the much larger junction area brought by the heavily microtextured surface of Si-based devices. The device bandwidth is also related to the photo-gain mechanism. Since this mechanism remains unclear, further study should be carried out to explain the device bandwidth.
Conclusions
In conclusion, high concentration doping of S was successfully incorporated into Ge substrate by a pulsed laser process. The S atoms have a very high concentration near surface and are incorporated in a very shallow region. The Ge photodiodes based on S doping were fabricated and characterized. The I-V characteristics show the rectifying behavior. The EQE remained higher than 100% from UV to NIR region and IQE was higher than unity. The −3 dB bandwidth of the device was measured to be 20 MHz. For the first time, S was demonstrated to be an effective deep trap level dopant for Ge optoelectronic device applications.
